Treatment of tuberculosis is currently hindered by prolonged antibiotic regimens and the emergence of significant drug resistance. Alternatives and adjuncts to standard antimycobacterial agents are needed. We propose that a direct attack utilizing photosensitizers and light-based treatments may be effective in curtailing Mycobacterium tuberculosis in discrete anatomical sites in the most infectious phase of pulmonary tuberculosis. To demonstrate experimental proof of principle, we have applied established photodynamic therapy (PDT) technology to in vitro cultures and an in vivo mouse model using Mycobacterium bovis BCG. We report here in vitro and in vivo PDT efficacy studies and the use of a three-dimensional collagen gel as a delivery vehicle for BCG, subcutaneously inserted, to induce specifically localized granuloma-like lesions in mice. When a benzoporphyrin derivative was utilized as the photosensitive agent, exposure to light killed extracellular and intracellular BCG in significant numbers. Collagen scaffolds containing BCG inserted in situ in BALB/c mice for 3 months mimicked granulomatous lesions and demonstrated a marked cellular infiltration upon histological examination, with evidence of caseating necrosis and fibrous capsule formation. When 10 5 BCG were present in the in vivo-induced granulomas, a significant reduction in viable mycobacterial cells was demonstrated in PDT-treated granulomas compared to those of controls. We conclude that PDT has potential in the treatment of localized mycobacterial infections, such as pulmonary granulomas and cavities.
Treatment of tuberculosis is currently hindered by prolonged antibiotic regimens and the emergence of significant drug resistance. Alternatives and adjuncts to standard antimycobacterial agents are needed. We propose that a direct attack utilizing photosensitizers and light-based treatments may be effective in curtailing Mycobacterium tuberculosis in discrete anatomical sites in the most infectious phase of pulmonary tuberculosis. To demonstrate experimental proof of principle, we have applied established photodynamic therapy (PDT) technology to in vitro cultures and an in vivo mouse model using Mycobacterium bovis BCG. We report here in vitro and in vivo PDT efficacy studies and the use of a three-dimensional collagen gel as a delivery vehicle for BCG, subcutaneously inserted, to induce specifically localized granuloma-like lesions in mice. When a benzoporphyrin derivative was utilized as the photosensitive agent, exposure to light killed extracellular and intracellular BCG in significant numbers. Collagen scaffolds containing BCG inserted in situ in BALB/c mice for 3 months mimicked granulomatous lesions and demonstrated a marked cellular infiltration upon histological examination, with evidence of caseating necrosis and fibrous capsule formation. When 10 5 BCG were present in the in vivo-induced granulomas, a significant reduction in viable mycobacterial cells was demonstrated in PDT-treated granulomas compared to those of controls. We conclude that PDT has potential in the treatment of localized mycobacterial infections, such as pulmonary granulomas and cavities.
Tuberculosis is a major public health problem worldwide and manifests as latent infection or progressive contagious disease (8) . It has been estimated that one-third of the world's population is infected with Mycobacterium tuberculosis. The predominance of these infected cases is in the latent form; the remainder is active and often contagious. Although only 10% of infected people develop active tuberculosis (3), the death rate of about 2 million a year is among the highest for infectious diseases worldwide.
Current chemotherapeutic regimens, which are the mainstay in medical treatment for this recalcitrant pathogen, are losing effectiveness because of increasing bacterial resistance. Management of drug-resistant tuberculosis involves long-term, stringently monitored application of toxic second-line antibiotics (15, 20) and sometimes surgical resection, each of which can be associated with high morbidity (7, 27) . Currently, there exists a substantial research effort to develop effective vaccines (1, 5, 14, 30) .
The pathology of active, secondary pulmonary tuberculosis in adults is mostly limited to the upper lobes, where the mycobacteria are contained within a few large, caseating granulomas (18) . This localization, which happens to be associated with the highest level of infectivity, encourages the development of a treatment, such as photodynamic therapy (PDT), aimed at directly killing the bacteria. Photodynamic therapy is a photochemistry-based modality in which localized light-activated molecules produce cytotoxic molecular species (2, 12) . The potential of PDT in targeting infectious pathogens has been reviewed recently (10, 16, 23) .
We report here the development of a convenient localized model of granulomatous infection, and we examined the efficacy of PDT using a benzoporphyrin derivative (BPD-PDT) to kill mycobacteria in culture and using this in vivo model. We propose that PDT, with its localized phototoxic property, reported effectiveness against drug-resistant pathogens, and use in treating certain cancers of the lung (22) , could play an important role in the treatment of pulmonary granulomas in persons with active disease and in drug-resistant infections by significantly reducing the microbial burden.
MATERIALS AND METHODS
Bacterial strains and culture conditions. Mycobacterium bovis bacillus Calmette-Guérin (BCG) strain Pasteur was obtained from the ATCC (ATCC 35734; Trudeau mycobacterial culture collection 1011 "BCG Pasteur"). A BCG strain expressing firefly luciferase (rBCG-lux) was a gift from Kendall Stover (PathoGenesis Inc., Seattle, Wash.) (13) and was used for all in vivo studies. Strains were cultured in Difco Middlebrook 7H9 broth (BD, Sparks, MD) containing Middlebrook albumin, dextrose, and catalase enrichment at 37°C with constant agitation, using a magnetic stirrer to prevent excessive clumping of cells. For determination of numbers of CFU, 7H10 agar plates containing Middlebrook albumin, dextrose, catalase, and, to prevent fungal growth, cycloheximide (200 g/ml) were used. All plates were incubated at 37°C in the presence of 5% CO 2 for 2 to 3 weeks. During culturing of rBCG-lux, kanamycin (20 g/ml) was incorporated into broth and agar. When intracellular growth was required, bacteria were cocultured with J774.2 cells (ATCC, Rockville, MD), using a ratio of infection of 5 to 10 bacteria per macrophage, in RPMI 1640 (Mediatech, Herndon, VA) with 10% heat-inactivated fetal calf serum.
Radiolabeled uracil uptake assay. In vitro measurements of BCG viability were also performed by using a [
3 H]uracil assay as previously described (21) . Photosensitizer. Verteporfin (lipid-formulated benzoporphyrin derivative monoacid ring A) was obtained from QLT Inc. (Vancouver, Canada). A stock saline solution of verteporfin was reconstituted according to the manufacturer's instructions and stored at 4°C in the dark.
Preparation of sterile and bacterial populated collagen scaffolds. Purified bovine tendon collagen (dissolved in cold 0.1 M acetic acid at a concentration between 0.1 and 0.2%) was a gift from Organogenesis Inc. (Canton, MA). For preparation of collagen scaffolds for implantation, cold-purified dissolved collagen, RPMI 1640, fetal calf serum, sodium chloride, sodium bicarbonate, and, when required, BCG cells were mixed in a 1.5-ml tube and allowed to polymerize at 37°C overnight. The resultant soft gels were centrifuged (10,000 ϫ g for 10 min) to obtain compact pellets that could be conveniently placed in the mouse. During the preparation of mycobacteria for inclusion into the collagen scaffolds, it was necessary to sonicate (three 20-s bursts) the normally aggregating bacteria in a Fisher Scientific sonic dismembrator model 100, using a cup horn attachment to ensure relatively uniform cell dispersions. The optical density of the culture at 600 nm was then measured and adjusted by diluting the culture in 7H9 medium to allow the required numbers of BCG in a 10-l volume.
Mouse model of localized infection, recovery, and assay of mycobacteria from implanted scaffolds. Male BALB/c mice (6 to 8 weeks old, 20 to 25 g) obtained from Charles River Laboratories (Wilmington, MA) were used throughout the study. All animal procedures were performed according to protocols approved by the Massachusetts Hospital Subcommittee on Research Animal Care. Mice were anesthetized with an intraperitoneal injection of ketamine (90 mg/kg of body weight) and xylazine (10 mg/kg). One full-thickness incisional skin wound was made in a line along the dorsal surface, and a subcutaneous pocket was made with fine-tipped sterile forceps. The collagen implants were placed at either side of the dorsal midline, and the incisions were then closed with two or three 4.0 nylon sutures. Following humane sacrifice of the animals, the residual implants were recovered and digested with 5% collagenase (type I from Clostridium histolyticum; Sigma, St. Louis, MO) for 1 hour at 37°C. The digested mixture was then sonicated briefly using a cup horn sonicator, and dilutions were prepared in 7H9 broth. Enumeration of viable bacteria was performed by CFU determination or by radiolabeled uracil uptake analysis.
In vivo fluorescence imaging. As BPD is fluorescent, this quality was exploited to quantitate the amount delivered to the collagen implant. Relative concentration of BPD delivered to the collagen implants in the mouse model was quantified using an in vivo fluorescence microscope, consisting of a blue LED light source (Luxeon LXHL-MRRC; Lumileds Lighting, San Jose, CA) coupled to an exciter filter (HQ455/70; Chroma Technology, Rockingham, VT), a long-workingdistance objective with 10ϫ magnification (Mitutoyo M Plan Apo 10ϫ; Mitutoyo, Aurora, IL), and a high-sensitivity charge-coupled-device camera (Cascade 512F; Photometrics, Tucson, AZ) with an emitter filter (HQ700/75; Chroma Technology, Rockingham, VT). Each image was acquired with a 2-mm by 2-mm field of view and a 200-ms exposure time. In order to account for variations in light source intensity and camera sensitivity, a positive standard consisting of 0.01 M LDS laser dye (Exciton, Dayton, OH) in a quartz cuvette was measured daily, and all reported fluorescence intensities from the microscope images were normalized using this standard. Nonpopulated collagen scaffolds were implanted in the dorsal skin of mice for up to 4 weeks. After anesthesia and BPD injection (1 mg/kg), the collagen implant was exposed by excising the dorsal skin and was imaged every 10 to 20 min for up to 60 min using the fluorescence microsope. The relative concentration of BPD, quantified from the fluorescence images, was validated by measuring BPD fluorescence using a spectrofluorometer, and the presence of an emission peak at 690 nm confirmed the presence of BPD. Each collagen implant was harvested and collagenase digested, and its fluorescence spectrum (450-nm excitation) was measured using a SPEX FluoroMax 3 spectrofluorometer (Jobin Yvon, Edison, NJ). In order to account for the fluorescence from the collagenase-digested collagen, the fluorescence spectra of appropriate controls (450-nm excitation) were measured and subtracted from the sample measurements. A titration curve to quantify BPD concentration from the fluorescence images was derived using collagen scaffolds mixed with different concentrations of BPD (0.1 g to 2.5 g) that were imaged using the fluorescence microscope, and the fluorescence spectra were measured with the fluorometer after collagenase digestion.
PDT treatment. A diode laser system (HPD Inc., North Brunswick, NJ) with a 690-nm wavelength was used throughout this study. The light was delivered through an optical fiber using a fiber optic collimator. For in vitro studies, cells were incubated with 5 M BPD for 1 hour in the dark and then transferred to 35-mm petri dishes and exposed to the light source at fluences of 60 to 100 J/cm 2 . Following irradiation, cells were resuspended in fresh medium for 12 h, and then viability was determined by colony formation or the radiolabeled uracil uptake assay. For in vivo studies, animals were anesthetized with an intraperitoneal injection of ketamine (90 mg/kg) and xylazine (10 mg/kg) and placed on a heating pad, maintained at 37°C throughout the treatments. Photosensitizer (BPD) was administered intravenously (0.5 mg/kg) and allowed to circulate for 1 hour, and then the site of the subcutaneous implant was typically exposed transcutaneously to a fluence rate of 65 mW/cm 2 for 920 seconds (60 J/cm 2 ), as measured by a LaserMate power meter (Coherent Inc., Santa Clara, CA).
Histology. Excised artificial granulomas were fixed in 10% neutral formalin, paraffin embedded, and then stained with hematoxylin and eosin (H&E) or Ziehl-Neelsen stain for acid-fast bacteria.
Statistical analysis. The statistical analysis was based on the calculation of the arithmetic mean and standard error. The difference between two means was compared by a two-tailed, unpaired Student t test. A P value of less than 0.05 was considered statistically significant.
RESULTS

Antimycobacterial activity of BPD-PDT in vitro.
Preliminary studies identified conditions of 5 M BPD and fluences between 60 J/cm 2 and 100 J/cm 2 of 690-nm light as optimal for antimycobacterial activity for the photosensitizer BPD. These parameters were used for the in vitro experiments whose results are presented in Table 1 . Under these conditions, only 26% of M. bovis BCG (Pasteur) cells remained viable after PDT, with numbers decreasing from 2 ϫ 10 8 to 4 ϫ 10 7 CFU (Table 1) , although 87% of mycobacterial cells treated with BPD only (no light activation) survived and cells irradiated with 690-nm light, without BPD, demonstrated 104% survival compared to untreated cells (Table 1) . Bacteria associated with J774 cells were modestly more resistant to the effects of BPD. Under the same conditions used for extracellular bacteria, on average 50% of the BCG were killed by BPD-PDT when they were cocultured with J774 cells (Table 1) . The reduced killing effect observed for intracellular BCG was most likely due to a comparatively diminished interaction between BPD and the bacterial cells. However, J774 cells accumulated photosensitizer and were destroyed upon PDT, and this mechanism of BPD-PDT killing may influence BCG viability, as many reports indicate that mycobacteria may be killed when macrophages undergo tumor necrosis factor-or Fas-mediated apoptosis, whereas necrosis does not appear to affect viability (24, 26) . We next tested whether the BPD-PDT strategy would be effective in a more complex culture environment, such as the BCG-populated collagen gel used for in vivo studies. Despite the increased complexity, BPD-PDT was phototoxic against BCG in vitro when cells were incubated with 5 M BPD for 1 h prior to irradiation with a 690-nm diode laser (fluence, 100 J/cm 2 ; fluence rate, 40 mW/cm 2 ). At low bacterial density (10 3 rBCG-lux per scaffold), no surviving mycobacterial cells could be detected upon plating and incubation of the entire digested collagen gel (Fig. 1 ). This suggested that BPD was capable of permeating the entire scaffold, reaching bacteria harbored in the center of the structure, which was confirmed by confocal microscopy (data not shown). Under these experimental conditions (fluence, 100 J/cm 2 ; fluence rate, 40 mW/cm 2 ), it was observed that as the microbial burden increased to 10 6 or 10 7 BCG, the killing efficiency decreased, with 50% killing observed when 4 ϫ 10 7 bacteria were present per scaffold (Fig. 1) . Development of a model of localized M. bovis BCG infection in BALB/c mice using collagen scaffolds. The behavior of BCG-populated collagen implants was examined in vivo. In vivo bioluminescence imaging, as previously described (11), was evaluated as a tool to monitor M. bovis rBCG-lux numbers in BALB/c mice over time. Though this method was convenient for detecting more than 10 8 rBCG-lux cells, it lacked sensitivity in detecting less that 10 5 cells per collagen implant (data not shown). Therefore, enumeration by CFU determination was always used either alone or in conjunction with this luminescence imaging. Over the first 21 days after implantation of 10 5 M. bovis rBCG-lux-populated scaffolds in BALB/c mice, there was a modest increase in cell numbers (less than 1 log 10 ), which subsequently declined over the following 10 days to 10 4 bacteria/implant (Fig. 2) . Growth of rBCG-lux in vitro at 37°C in similarly prepared scaffolds demonstrated an exponential increase in cell numbers over 14 days and then a plateau (Fig.  2) . This experiment suggests that the declining pattern was unique to the local in vivo immune environment and not due to any inherent inhibitory properties of the collagen. The typical positioning and appearance of the implants in the mouse are indicated in Fig. 3 . The implants were grossly visible externally on the dorsal region of the mouse (Fig. 3A) . They were usually adherent to the overlying subcutaneous tissue and not the underlying fascia (Fig. 3B) . Vasculature was often observed associated with the implants as early as 1 week postimplantation (Fig. 3B) . After 3 months in situ, the implants were friable and had degenerated to a soft, cheese-like texture (Fig. 3C) . These findings are consistent with an interpretation of caseous necrosis. Robust vascular footprints were typically visible upon removal of the implants (Fig. 3D) . Dramatic histologic differences were observed between implanted infected and sterile collagen scaffolds (Fig. 4) . Cellular recruitment into the sterile collagen scaffolds was delayed until week 4 after implantation, and the infiltrate was considerably FIG. 4 . Histological sectioning (H&E staining) of collagen scaffolds implanted subcutaneously in mice for 1, 3, and 4 weeks. Panels A to C (magnification, ϫ100) represent implanted collagen scaffolds that did not contain M. bovis BCG that were in situ for 1 week (A), 3 weeks (B), and 4 weeks (C). Little cellular recruitment into the collagen scaffolds was observed compared to that shown in panels D to F (magnification, ϫ50) with their respective insets (magnification, ϫ630 using water immersion objective), which represent BCG-containing scaffolds that were implanted for 1, 3, and 4 weeks, respectively. Massive cellular recruitment is marked by the abundance of hematoxylin-stained nuclei throughout the gel (D to F). After 1 week (D), mononuclear cells predominated (typical neutrophil circled), whereas at 3 weeks (E) and 4 weeks (F), macrophages became the dominant cell population and possible lymphocytes began to appear. Vascularization of the fibrous capsule was evident from week 3 (arrow in panel E). After 4 weeks, an eosinophilic acellular pattern was observed in the infected scaffolds (arrow in panel F). A lower magnification was used for BCG-containing scaffolds to capture the full extent of inflammation, and a higher magnification was used to reveal individual cell types of the infiltrate.
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less than that observed in the BCG-populated scaffolds, which were composed predominantly of macrophages (Fig. 4A to C) . The appearance of cellular recruitment and fibrous capsule formation in the sterile scaffolds was typical for a mild foreign body-type immune response. In contrast, the collagen scaffold populated with 10 5 BCG revealed tuberculous granuloma-like formation. After the first week in situ (Fig. 4D and inset) , a marked cellular recruitment of mononuclear cells, possibly neutrophils (typical neutrophil circled in insert), and some macrophages were observed in the infected scaffolds. Vascularization of the fibrous capsule was observed during week 3, likely promoting further recruitment of immune cells toward the infectious granuloma (Fig. 4E) . At week 3, the infiltrate was composed of a mixed population, probably consisting of macrophages and neutrophils (Fig. 4E inset) . After 4 weeks, the implants showed amorphous, eosinophilic, acellular debris (Fig. 4F) . Intense mononuclear cellular infiltration was present (Fig. 4F inset) , and putative lymphocytes began to appear. The granulomatous foci observed at 3 weeks (Fig. 5A ) revealed at higher magnifications concentric arrangements of macrophages (Fig. 5a ). Comparative examination of implants that remained in situ in BALB/c mice for 3 months revealed even more dramatic changes. Massive cellular infiltration observed at 3 months (Fig. 5B ) displayed extensive areas of necrosis (Fig. 5b) . The presence of a fibrous capsule at 3 months was tentatively identified by trichrome staining (Fig. 5C) , in which the dense fibrotic material surrounding the capsule stained dark blue. Acid-fast staining of implants confirmed the presence of BCG associated with the cellular infiltration (Fig. 5D) .
In vivo imaging of photosensitizer delivery to subcutaneous collagen scaffolds. In vivo fluorescence analysis was performed first to determine whether the intravenous-administered photosensitizer penetrated the subcutaneous implants. Mice injected with 1 mg/kg BPD (the therapeutic dose of 0.5 mg/kg was below our detection limits) were imaged in vivo for photosensitizer fluorescence. Fluorescence images of control in vitro collagen scaffolds mixed with known amounts of BPD indicated that fluorescence intensity increases linearly between 0.1 g and 2.5 g of BPD (Fig. 6A) . A titration curve to convert fluorescence intensity to BPD concentration was formulated based on this observation. The delivery of BPD to the collagen implants was observed in vivo from the fluorescence microscopy images, and that the fluorescence was due to the presence of BPD in the collagen was confirmed by verifying the presence of a typical fluorescence peak (690 nm) using a spectrofluorometer. Figure 6B (i to iii) shows typical BPD fluorescence images of a collagen scaffold implanted subcutaneously for 4 weeks. Fluorescence intensity increased linearly immediately after BPD injection up to 60 min, suggesting steady, time-dependent delivery of BPD to the collagen implants. Based on the titration curve, the fluorescence images indicate that approximately 1 g BPD was delivered to the collagen pellet implanted for 4 weeks.
Antimycobacterial activity of PDT in vivo. Compared with untreated control granulomas, 26% of BCG survived in PDTtreated, in vivo-induced granulomas initially containing approximately 10 5 BCG (Fig. 7) . This corresponded to a 0.7-log 10 reduction in viable bacterial cell counts and thus was similar to results obtained in vitro for a comparable microbial burden.
DISCUSSION
In 1900, Niels Finsen was awarded the Nobel Prize for his invention of light therapy for skin tuberculosis, and the underlying mechanism for this successful therapy has been proposed to be excitation of endogenous porphyrins in M. tuberculosis (19) . We report here a fresh effort to determine whether the application of photodynamic therapy applied to experimentally localized mycobacteria can be developed as a new effective tool alongside chemotherapeutics in the fight against tuberculosis. We demonstrated significant in vitro killing of M. bovis BCG both extra-and intracellularly and when incorporated into a collagen scaffold. The effectiveness of the PDT killing action within the collagen scaffolds was linked to the microbial burden present. As the microbial burden of the scaffolds increased, the PDT killing effect was reduced (Fig. 1) . The in- FIG. 5 . Histological sectioning of collagen scaffolds that remained in situ for 3 weeks or 3 months. (A) At 3 weeks, granulomatous foci were visible (magnification, ϫ50) which upon higher magnification in panel a (magnification, ϫ200), revealed concentric arrangements of host cell infiltrates. Panel B (magnification, ϫ50) represents an H&E-stained section of a scaffold implanted for 3 months in which the scaffold is encapsulated by a dense layer of newly formed collagen. There appears to be evidence of necrosis toward the center of the granuloma, which can be more clearly observed at a higher magnification (magnification, ϫ400) (b). (C) A trichrome stain performed to confirm the presence of the fibrous capsule at 3 months (magnification, ϫ100). A deposited layer of dense fibrotic material (stained dark blue) surrounding the implanted scaffold was observed. The collagenous matrix of the scaffold stained a paler shade of blue. Panel D represents a Ziehl-Neelsen stain (magnification, ϫ1,000) where the red acid-fast bacteria could be visualized and appeared to be well associated with the large, foamy, macrophage-like host cell infiltration.
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fluence of cell density on the success of photoinactivation of Escherichia coli and Staphylococcus aureus has recently been reported by others, who proposed that competition for binding sites at higher cell densities results in reduced photosensitizer bound per cell (4). It is possible in the case of mycobacteria that the marked tendency of these bacteria to aggregate further masks sites required for photosensitizer association with the cell. Approaches for increasing photosensitizer concentration are under study, as is the search for increasingly effective photosensitizers.
Although it is widely accepted that the guinea pig is one of the more appropriate models for investigating aspects of Mycobacterium infection due to its ability to form necrotic lung granulomas (28) , the mouse is the most frequently utilized model. However, the loosely organized murine granuloma structures and high persisting bacterial population do not reproduce many of the critical features of the human condition (6). With our collagen scaffold implantation model, we sought to establish a localized infection that would induce a more highly organized granulomatous response. In addition, the bacteria and the induced granuloma are readily recoverable for further analysis. Purified minimally immunogenic collagen permits control over constituents of the scaffold compared to more-heterogenous matrices, such as Matrigel, recently employed by others (25) . The BALB/c strain of mice was chosen for our initial studies due to their Nramp1 s genotype (17) . Prone to a Th2 immune response, these mice are susceptible to granulomatous diseases (31) . The progression of BCG growth in our collagen scaffolds in vivo parallels well with observations of various organs in BALB/c mice reported by others (9, 17, 29) . An initial increase in BCG numbers was followed by a decline of more than 1 log and subsequent persistence. A different in vitro growth pattern indicated that this did not reflect some condition unique to the collagen but rather is dependent on the in vivo local immune environment. Histological analysis indicated that the lesions did share many features with pulmonary tuberculous granulomas; pronounced cellular infiltration occurs in BCG-populated collagen implants. At 3 months, the formation of a fibrous capsule in the control implants could be observed, and there was evidence of caseous necrosis. Such pathological features are rarely observed in other mouse models.
PDT of subcutaneous BCG-containing granulomas yielded antimicrobial activity similar to that detected from in vitro experiments, with a 0.7-log 10 decrease in cell numbers observed when 10 5 BCG were present. This 80% reduction in viable bacterial numbers after a single therapy is significant, and future studies in this laboratory will determine whether multiple activations using BPD can achieve a sterilization effect. A plethora of other photosensitizers exists, some of which are likely to be even more inhibitory to Mycobacterium.
In summary, this represents the first comprehensive report of photochemical killing of mycobacteria. The long-term goal of this work is to evaluate the application of PDT not only for cutaneous mycobacterial diseases but, more significantly, for localized pulmonary sites, such as granulomas and cavities. Future studies in our laboratory will evaluate the formation of granulomas in guinea pig lung using the same collagen scaffold technology. We will investigate the antimycobacterial activity of PDT using this modified model. The application of PDT to pulmonary sites, although challenging, has already been achieved in the clinics for certain indications of non-small-cell lung carcinomas (information available at http://www.fda.gov). More recently, peripheral lung tumors have been treated using percutaneous fiber optics for light delivery (22) . These applications could be reasonably adapted for the treatment of localized pulmonary granulomas. The findings presented in this study demonstrate proof of principle sufficient to warrant more investigation both to optimize the methodologies and to prove their applicability to effective treatment of localized pulmonary tuberculosis.
